Introduction
AU tissues are susceptible to damage by heat. However, the testes are unusual in that they are damaged by exposure to the temperatures normally found within the abdomen, although they originate within the abdominal cavity and in many mammals descend into a scrotum only during fetal or neonatal development. In some mammals, and in all birds and all other classes of animal, the testes remain within the abdomen, and body temperature is considerably higher in birds than in mammals. There was a suggestion that the testes of birds are cooler than the other abdominal organs because of the proximity of some of the airsacs, but this is no longer believed to be the case (Beaupré et al, 1997) . There is abundant evidence that the scrotal testes of mammals in a thermoneutral environment are appreciably cooler than the body (see Setchell, 1978; Setchell, 1990) , but this does not mean that they are kept at a constant lower temperature. Because of the countercurrent heat exchange function of the blood vessels in the spermatic cord, the testes are kept at a uniform temperature throughout, and at approximately the same temperature as the subcutaneous scrotal tissue (see Setchell et al, 1994a; Setchell and Mieusset, 1996) . If the animal is placed in a hot environment and evaporation of sweat from the scrotal skin cannot keep the scrotal skin cool, then the testis warms up (see Setchell and Mieusset, 1996) . There is an approximately linear relationship between air temperature and subcutaneous skin temperature in the scrota of rams exposed to field conditions in an Australian summer (Setchell et al, 1994b) (Karpe et al, 1981 (Karpe et al, , 1984 , and the longer the time that elapses before this is done, the greater is the long-term effect. Elephants and hyraxes normally retain their testes close to the kidneys, and testis temperature in these animals is similar to body temperature (see Setchell and Mieusset, 1996) , without apparently impairing their ability to produce spermatozoa. (Rommel et al, 1992) . Although the full physiological significance of this arrangement has not been determined, it does appear that tissues in the vicinity of these veins are at a lower temperature than other abdominal organs (Rommel et al, 1994; Pabst et al.,1995) . In seals, the testes are outside the body cavity, but under a thick layer of blubber. Nevertheless, they too are considerably cooler than the abdominal cavity (Bryden, 1967; Blix et al, 1983) , again because venous blood from the extremities is carried close to the testes and their arterial supply (Portmann, 1952, but cf Ruibal, 1957; Cowles, 1965) , that testicular descent decreases blood supply to maturing germ cells, so that the mitochondria enhance their enzymatic machinery for oxidative metabolism resulting in increased aerobic fitness which is an advantage in interejaculate competition (Freeman, 1990) Nelson, 1951; Clegg, 1960 Clegg, , 1963 Niemi and Kormano, 1965; Davis and Firlit, 1966; Meistrich et al, 1973; Risbridger et al, 1981; Sharpe, 1983; Fujisawa et al, 1988; Yin et al, 1997) and rabbits (Fukui, 1923b; Plöen, 1972 Plöen, , 1973a Oslund, 1924; Skinner and Rowson, 1968; Hochereau-de Reviers et al, 1979; Barenton et al, 1982; Lunstra and Schanbacher, 1988) and wallabies (Setchell and Thorburn, 1970) (Karpe et al., 1981 (Karpe et al., , 1984 (Glover, 1955 (Glover, ,1956  Byers and Glover, 1984; Mieusset et al, 1992a) , bulls (Ross and Entwistle, 1979; Prabhakar et al, 1990; Sidibe et al, 1992;  Karabinus et al, 1997), stallions (Freidman et al, 1991) and boars (Malmgren, 1989 (Malmgren, , 1990 (Rock and Robinson, 1965; Robinson and Rock, 1967; Rock et al, 1968; Mieusset et al, 1985 Mieusset et al, , 1987a . Heat can also be applied by lamps, microwave or ultrasound (Fukui, 1923a (Fukui, , 1923 Imig et al, 1948; Fahim et al, 1975; Dumontier et al, 1977 (Steinberger and Dixon, 1959; Collins and Lacy, 1969; Chowdhury and Steinberger, 1964, 1970; Main et al, 1978; Jegou et al, 1984; Galil and Setchell, 1988a,b; Setchell et al, 1996) , guinea-pigs (Moore, 1924a,b; Young, 1927) , mice (Hand et al, 1979; Reid et al, 1981; Marigold et al, 1985; De Vita et al, 1990; Gasinska and Hill, 1990; van Zelst et al, 1995; Sailer et al, 1997; Setchell et al, 1998) and rams (Setchell et al, 1991; Mieusset et al, 1992b) . By pushing one testis back into the abdomen and retaining it there during the heating, unilateral effects can be studied (Galil and Setchell, 1988b) . In rams, the scrotum can be enclosed in a small chamber, through which heated air can be circulated while heated water is pumped through tubing in the walls (Waites and Setchell, 1964; Fowler, 1968 (Parvinen et al, 1992; Cataldo et al, 1997) or on isolated testicular cells or a Sertoli celi line (Zakeri et al, 1990; Clark and Griswold, 1997 (Setchell and Waites, 1972; Fridd et al, 1975; Main et al, 1978; Bartlett and Sharpe, 1987; Galil and Setchell, 1988b; McLaren et al, 1994; Setchell et al, 1996) . Exposure of the testes of rats 7 times at 6 week intervals to 43.5°C for 20 min produced a decrease in testis weight of about 40%, which was maintained for at least 24 weeks after the last exposure (Bowler, 1972) . If a rat is made cryptorchid, testis weight does not change in the first 24 h (Setchell, 1970 and unpublished results; Bergh and Damber, 1984) , but has fallen below control values by the second day in young rats (Shikone et al, 1994) and by 5-7 days in adult rats (Clegg, 1963; Fujisawa et al, 1988 (Hand et al, 1979; Marigold et al, 1985; Gasinska and Hill, 1990; Van Zelst et al, 1995; Jannes et al, 1998) ; after exposure to 42°C for 30 min, there is no change after 1 day, but a fall of almost 50% after 3 days (Sailer et al, 1997) . However, the decrease in testis weight after cryptorchidism was slower than that in rats, with significant difference of about 25% from control only becoming evident after 7 days (Meistrich et al, 1973; Yin et al, 1998) . In rams, a decrease of about 50% in testis weight occurred 21 days after the testes had been exposed to 42°C for 45 min (Setchell et al, 1991; Hochereaude Reviers, 1993) (Gomes et al., 1971) . Cryptorchid testes weigh less than 20% of normal testes (Hochereau-de Reviers, 1979; Barenton et al, 1982; Lunstra and Schanbacher, 1988) and testes from short-scrotum animals are also much smaller than those of normal animals (Sanford et al, 1993) .
Histology. Histological changes were observed in heated and cryptorchid testes by many early investigators (Moore, 1924a,b; Fukui, 1923a Fukui, , 1923 Moore and Oslund, 1924) , and changes in spermatocytes could be detected on the day after exposure to heat (Young, 1927) . Later studies showed that increased numbers of abnormal pachytene spermatocytes could be detected as early as 1 h after the testes of rats had been exposed to 43°C for 15 min, although at that time there were no obvious effects on the number of spermatogonia (Chowdhury and Steinberger, 1964,1970 (Gasinska and Hill, 1990 ).
This result was confirmed using flow cytometry to assess the numbers of haploid cells (De Vita et al, 1990) , and although there was no change after 1 day, a fall in the percentage of haploid cells could be detected 3 days after exposure to 42°C for 60 min (Sailer et al, 1997) . The numbers of spermatids and spermatozoa in fragments of human testes were lower when they were cultured at 37°C, rather than 31°C, whereas the numbers of spermatogonia and spermatocytes were not affected (Nakamura et al., 1987) . Pachytene spermatocytes and young spermatids also appear to be the first cells to be affected in experimental cryptorchidism in rats (Davis and Firlit, 1966; Parvinen, 1973; Blackshaw and Massey, 1978) and rabbits, in which degenerating cells were found after 24 h (Plöen, 1973a) ; however, there were also changes at this time in spermatids (Plöen, 1972) , and these became more pronounced later, even though the testis had been returned to the scrotum (Plöen, 1973b) . In immature (Shikone et al, 1994) and in mature rats (Henriksen et al., 1995) (1981) showed that heating of the testis exacerbated the effects of radiation on the spermatogonia, as judged by repopulation of tubules 35 days after treatment.
It is also generally assumed that the timing of spermatogenesis is constant for any given species, but there is one study that suggests that the duration of the spermatogenic cycle in mice is decreased slightly in cryptorchid testes, and in animals kept at 32°C (Meistrich et al, 1973) . Incubating segments of seminiferous tubules at 37°C rather than at 32°C appeared to speed up the transition from one stage of spermatogenesis to the next (Parvinen et al, 1992 ).
It has also been reported that there was an increased incidence of X-Y dissociation in primary spermatocytes in diakinesis-metaphase after exposure of mice to an environment of 35°C for 2, 3 or 5 days, an effect which reached a peak 5 days after the end of the heat stress; this would indicate that the primary effect was again on spermatocytes at the pachytene stage (Garriott and Chisman, 1980; Waldbieser and Chisman, 1986) . The increased X-Y dissociation after exposure of cool-adapted mice to an environment of 33°C was subsequently confirmed, and it was also shown that the same effect could be produced by local heating of the testes of mice and rats (Van Zelst et al, 1995 Setchell, 1964; Setchell et al, 1966; Waites et al, 1973; Godinho and Setchell, 1975; Damber and Janson, 1978; Setchell et al, 1995) , except in marsupials (Setchell and Thorburn, 1969) although there is one study in anaesthetized rams which suggests that total blood flow does increase as the temperature is raised from the normal scrotal temperature of 33°C to 36°C, but there is no further increase as the temperature was raised to 39°C (Mieusset et al, 1992b) . In another experiment in rams exposed to an environment of 32°C for 7 days, blood flow through the testis showed an initial increase after 24 h, followed by a return to normal flow at 3 days, and then reduced to about half the normal blood flow; similar results were found when the testes were heated by enclosing the scrotum in an electric heating pad which raised the temperature of the testis to about 39°C (Dutt et al, 1977 (Setchell et al, 1995 Setchell, 1964; Braden and Mattner, 1970; Mieusset et al, 1992a) . In pigs, insulation of the scrotum for 100 h had no effect on the number of spermatozoa, but motility and the percentage of normal spermatozoa decreased between 2 and 6 weeks afterwards (Malmgren, 1989 (Setchell et al, 1988) . When the testes of mice were heated to 42°C for 20 min, they remained fertile, but if the heating period was extended to 30 min, although they continued to mate at a normal rate, no pregnancies resulted between 10 days and 32 days with one male and 38 days with the other (Setchell et al, 1998 (Pennycuik, 1967 (Setchell et al., 1988) . Dutt and Simpson (1957) (Ekpe et al., 1992 (Ekpe et al., , 1993 ; see also Setchell 1994 (1970) , for which the fertilization rates are given above, the authors also autopsied other females at day 10.5 of pregnancy and noted the number of corpora lutea, implantation sites and normal fetuses. From their data, it is possible to calculate the ratio of implantation sites to fertilized ova, and of fetuses to implantation sites. The latter remained between 86 and 96% for the heated males and 92 and 98% for the controls, but the ratio of implantation sites to fertilized ova was already less for the heated males in the first 5 days (71% versus 90%), and continued to fall to 58% for days [6] [7] [8] [9] [10] and to 55% for days 11-15, Bellve (1972, 1973) found that following exposure of male mice to an ambient temperature of 34.5°C and 65% humidity for 24 h, that there was an extensive embryonic mortality evident by day 10.5 of gestation and developmental retardation, as evidenced by an accumulation of four-cell embryos at 54 h after coitus when the males were mated to normal females 6 days later. The eight-cell embryos sired by heated males were less able to incorporate [3H]uridine.
Bellve also found reduced numbers of blastocysts in vivo 120 h after hCG injection and two-cell embryos recovered from normal females and cultured in vitro showed a minor arrest at the eight-cell stage, and a substantial accumulation of morulae, so that the number of blastocyts was reduced.
When normal female rats were mated to males whose testes had been heated to 43°C for 30 min, before the males became sterile, and during recovery of fertility, there were periods when litter size and the fetus to corpus luteum ratios were reduced, suggesting that there was significant mortality of the embryos. There was also an increased incidence of degenerating embryos at 2 and 15 days of pregnancy (Setchell et al., 1988) . However, with male rats acclimatized for 3 months to 35°C, although the mating rate was only 17% and conception rate 40%, compared with 52% and 71%, respectively for controls, the development of the embryos once conceived appeared to be normal (Sod-Moriah et al, 1974 ).
In the experiments with pigs by Wettemann et al. (1976, 1979) for which the fertilization data are given above, an estimate was also made of the survival of the embryos to 30 days after coitus. In the artificially inseminated sows, embryo survival was only 49% with semen from the heated males, compared with 71% with semen from control males. An equivalent difference was not seen in sows mated naturally (79% versus 82%), and the authors suggest that this is because of the larger numbers of spermatozoa inseminated during a natural mating.
There is also some evidence that even the heating of ejaculated spermatozoa can cause increased embryo mortality if they are subsequently used for insemination (Young, 1929; Howarth et al, 1965; Ulberg and Burfening, 1967 ).
The sheep embryos produced by in vitro fertilization, using semen from scrotal-insulated rams developed slightly less well than those obtained with control semen, and there was increased degeneration at the blastocyst stage (Ekpe et al., 1992 (Ekpe et al., ,1993 ; see also Setchell 1994) .
When the testes of male mice were heated to 42°C for 20 min, although the animals remained fertile (see above) and litter size was not reduced, the embryos they sired were about 25% smaller than controls at 10.5 days of gestation in three separate experiments with different strains of mice; at later stages of pregnancy, the difference became smaller, but in one experiment, although not in a second, the differences were still significant at 15.5 and 18.5 days. The difference did not appear to be due to later mating by the heated males, and the timing of the growth retardation differed from that seen in mice lacking IGF-II, of which only the paternal copy is expressed in the embryo (see Setchell et al., 1998) . These findings of smaller fetuses with normal litter size from heatexposed sires have been confirmed by Jannes et al (1998) 
